In all domains of life, the biosynthesis of complex glycoconjugates requires the concerted action of a multitude of glycosyltransferases (GTs), enzymes that catalyse the transfer of a mono- or oligosaccharide from a glycosyl donor, e.g. a sugar-nucleotide, to a suitable acceptor, e.g. a glycan, peptide or lipid \[[@R1]-[@R4]\]. GTs play a key role in many fundamental biological processes underpinning human health and disease, such as cell signalling, cellular adhesion, carcinogenesis, and cell wall biosynthesis in human pathogens \[[@R5]-[@R8]\]. The development of small molecular GT inhibitors is therefore of considerable scientific interest in chemical glycobiology and drug discovery \[[@R9]\]. Most existing GT inhibitors are ground-state donor or acceptor analogues whose inhibition constants (*K*~i~) are, at best, of a similar order of magnitude (10-1000 μM) as the *K*~m~ value of the respective natural donor or acceptor substrate \[[@R9]\]. The rational design of potent GT inhibitors has been complicated by the complex reaction mechanism and unusual conformational plasticity of many GTs, which often undergo significant conformational rearrangement in the active site during the catalytic cycle \[[@R1]-[@R4],[@R10]\]. On the other hand, it has recently been suggested that targeting these very conformational changes may be a promising route towards potent GT inhibitors \[[@R11]\]. However, no structural information has been provided to date that would allow the rational design of such a novel class of allosteric GT inhibitors.

UDP-Galactose (UDP-Gal, **1**, [Table 1](#T1){ref-type="table"}) is the general donor substrate for all Leloir-type galactosyltransferases (GalTs) \[[@R12]\]. Despite the considerable potential of GalTs as therapeutic targets, there is a significant lack of potent inhibitors for these enzymes. Thus, a *K*~i~ value of 1.8 μM has been reported for the best GalT inhibitor to date, against a single enzyme, bovine β-1,4-GalT \[[@R11]\]. Herein, we describe a new, base-modified UDP-Gal derivative (compound **2**, [Table 1](#T1){ref-type="table"}), which blocks the closure of a flexible loop in the active site of a human blood group GalT and acts, toward five different GalTs, as an inhibitor of glycosyl transfer, with *K*~i~ values in the low micromolar to nanomolar range. This is a novel mode of inhibition for glycosyltransferases which, given the strong mechanistic similarities between many GTs \[[@R1]-[@R4],[@R10]\], will very likely be applicable to other enzymes in this class also.

The characteristic structural feature of the new UDP-Gal derivative **2** is an additional formylthienyl substituent in position 5 of the uracil base ([Table 1](#T1){ref-type="table"}). While sugar-nucleotide analogues modified at the sugar have been commonly used for the investigation of glycosyltransferases, examples for base-modified sugar-nucleotides are extremely rare \[[@R13]\]. Our initial interest in 5-substituted UDP-Gal derivatives was prompted by the analysis of different GalT structures \[[@R14],[@R15]\], which suggested that these enzymes might be able to accommodate donor analogues with an additional substituent in this position ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). We reasoned that such novel UDP-Gal derivatives might be useful as GalT inhibitor candidates or, in view of the strong fluorescence emission reported for structurally related, 5-substituted uridine nucleosides \[[@R16]\], as fluorescent probes for assay development. For the synthesis of the representative UDP-Gal derivative **2** we used Suzuki-Miyaura chemistry previously developed in our group for the direct modification of unprotected sugar-nucleotides \[[@R17],[@R18]\]. This synthetic strategy allowed the efficient preparation of **2**, in five synthetic steps, from uridine ([Supplementary Methods](#SD1){ref-type="supplementary-material"}). In the key step of our synthesis, **2** was obtained in 56% isolated yield from the cross-coupling of **6** with (5-formylthien-2-yl)boronic acid under mild aqueous conditions.

In order to assess the effect of the additional substituent at the uracil base on the binding affinity and biological activity of this novel UDP-Gal derivative, we carried out enzymological studies with **5** and the representative human blood group GalT AA(Gly)B (see [Supplementary Methods](#SD1){ref-type="supplementary-material"} for terminology). This dual specificity enzyme can utilise either UDP-Gal **1** or UDP-GalNAc **7** as a donor substrate, and can transfer to the H-antigen with equal efficiency, producing both blood group A and B structures ([Supplementary Methods, Scheme 2](#SD1){ref-type="supplementary-material"}). In an HPLC-based assay of galactosylation, we determined a *K*~m~ (donor) for **2** similar to that of the natural donor **1** ([Table 1](#T1){ref-type="table"}). The k~cat~ of **2**, on the other hand, was considerably lower than that of **1**. These results suggested that the additional substituent at the uracil base was tolerated by the enzyme, and that binding of **2** occurred with relatively high affinity, but also that **2** was a much poorer donor substrate for AA(Gly)B than **1**. Moreover, when we investigated the acceptor kinetics for the AA(Gly)B mutant, we found that for **2**, *K*~m~ (acceptor) was increased by ca. 10-fold compared to the natural donor. Consequently, the specificity constant, k~cat~/*K*~m~, of **2** is only 1% that of **1**.

Prompted by this unusual and unexpected enzymological profile, we further investigated the behaviour of **2** in a second, radiochemical assay. The kinetic profile of the natural donor **1** was near identical in both the HPLC and radiochemical assay ([Table 1](#T1){ref-type="table"}). As was expected for the dual specificity enzyme AA(Gly)B, the alternative donor UDP-GalNAc **7** also showed similar *K*~m~ (donor) and k~cat~ values as **1**. When we adapted the radiochemical assay format for competition studies, co-incubating AA(Gly)B with donor, donor analogue **2** and acceptor, **2** efficiently inhibited the transfer of both \[^3^H\]-Gal and \[^3^H\]-GalNAc in a competitive manner, with *K*~i~ values similar to the *K*~m~ values of the respective donor ([Table 2](#T2){ref-type="table"}). Moreover, when we extended these experiments to a broader range of wild-type GalTs, in order to assess the generality of this inhibitory activity, **2** acted as an inhibitor of glycosyl transfer toward all five enzymes included in these experiments ([Table 2](#T2){ref-type="table"}). Notably, for individual GalTs the *K*~i~ values of **2** were up to 10-fold lower than the *K*~m~ of the natural donor. At the same time, turnover numbers, as determined in the HPLC assay, were up to 100-fold lower for **2** than for **1** ([Supplementary Information](#SD1){ref-type="supplementary-material"}).

To understand the molecular basis for the surprising enzymological behaviour of **2**, we solved the high-resolution crystal structure of **2** bound to AA(Gly)B and, for direct comparison, structures of the enzyme in its unliganded apo form and in complex with UDP (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for data collection and refinement statistics). The AA(Gly)B apo structure was solved to near atomic resolution (1.25 Å, [Figure 1a](#F1){ref-type="fig"}) and reveals an overall conformation isomorphous to the previously described wild-type GTB apo structure \[[@R15]\]. Similar to the wt-GTB, AA(Gly)B-apo has adopted an "open" conformation of the flexible internal loop (residues 176-199). However, this loop is significantly more ordered and the α-helix (α3) of the internal loop has a slightly different conformation around residues 194-199 compared to wt-GTB. The structure of the AA(Gly)B-UDP complex was solved to 1.65 Å resolution and has both a UDP molecule and a Mn^2+^ ion bound in the active site ([Figure 1b](#F1){ref-type="fig"}). The structure shows excellent density for the entire nucleotide, as well as for a glycerol molecule bound in the acceptor binding site ([Supplementary Figure S2a](#SD1){ref-type="supplementary-material"}). While the C-terminus remains partly disordered, the entire internal loop is completely ordered and adopts a "semi-closed" conformation \[[@R15]\] where the loop has moved toward the UDP ligand to partially occlude the active site.

The structure of AA(Gly)B in complex with compound **2**, solved to 1.45 Å resolution, shows an intact compound **2** molecule as well as a Mn^2+^ ion bound to the active site ([Figure 1c](#F1){ref-type="fig"}). The electron density is well defined for the entire UDP moiety, whereas the density for the Gal and the formylthienyl substituent in position 5 is slightly less ordered ([Supplementary Figure S2b](#SD1){ref-type="supplementary-material"}). Although the formylthienyl substituent seems to have some degree of rotational freedom, a strong electron density peak places the ring sulfur in a position facing the O4 on the uracil. Compound **2** adopts a classic "folded back" conformation and binds to the donor-binding site in the same orientation as previously described for **1** \[[@R15]\], with the Gal moiety interacting with Arg188, Asp211 and Asp302. Despite the higher resolution of AA(Gly)B-**2** compared to the AA(Gly)B-UDP structure, the overall internal loop is noticeably less ordered, and is completely disordered from residue 178 to 185.

In the superposition of the three AA(Gly)B structures, it can be seen that the ordered part of the internal loop in AA(Gly)B-**2** is aligning with the "semi-closed" conformation in AA(Gly)B-UDP ([Figure 1d](#F1){ref-type="fig"}). Despite the missing residues in the internal loop, it is clear that the enzyme is attempting to adopt the "semi-closed" conformation as a response to the binding of **2**. Importantly, the overall conformation of the protein in the AA(Gly)B-**2** complex is in excellent agreement with comparable previous GalT structures \[[@R15]\], confirming the reliability of the new AA(Gly)B-**2** structure (see [Figure 1e](#F1){ref-type="fig"} for superposition with the human blood group GT AABB).

The results from our structural studies provide a clear rationale for the unusual, and unexpected, enzymological profile of the novel UDP-Gal derivative **2**. The catalytic mechanism of AA(Gly)B, representative for that of many other GTs \[[@R1]-[@R4],[@R10]\], involves significant conformational movement in the active site prior to the glycosyl transfer reaction. Upon binding of the metal cofactor and sugar-nucleotide donor, a flexible internal loop and the C-terminus normally move from an "open" to a "semi-closed", and then a "fully-closed", conformation, which is required for catalytic activity. During the transition from the "semi-closed" to the "fully-closed" conformation, the last nine residues of the C-terminus become fully ordered, in response to binding of the acceptor to the active site \[[@R15]\]. The "fully-closed" conformation is stabilised by a stacking interaction, above the uracil moiety of the donor **1**, between Trp181 in the internal loop and Arg352 in the C-terminus \[[@R15]\].

In the AA(Gly)B-**2** complex, while a portion of the enzyme internal loop remains disordered, the internal loop has clearly undergone movement towards a "closed" conformation ([Figure 1d](#F1){ref-type="fig"}). However, the transition to the "fully-closed" conformation is blocked by the formylthienyl substituent in **2**. The superposition of the AA(Gly)B-**2**, AA(Gly)B-UDP and AABB structures ([Figure 1e](#F1){ref-type="fig"}) illustrates how the formylthienyl substituent in **2** is positioned exactly where, in the "fully-closed" conformation, Trp181 forms a stacking interaction with Arg353. The substituent on compound **2** appears to interfere with this crucial interaction, preventing the enzyme from adopting a "fully-closed" conformation. Thus, **2** locks the enzyme in an unproductive conformation and effectively inhibits glycosyl transfer. The inability of the C-terminus, in the AA(Gly)B-**2** complex, to fold over the active site also provides a structural explanation for the increase in *K*~m~ (acceptor) observed for **2**. In the "fully-closed" conformation of AABB, His348 in the C-terminus forms two hydrogen bonds with the fucose residue of the acceptor \[[@R15]\]. These important interactions, which likely contribute to the stabilisation of the donor-enzyme-acceptor complex, seem to be prevented in the AA(Gly)B-**2** complex.

The superposition of different retaining and inverting GTs raises the intriguing possibility that this novel mode of GT inhibition is general and not limited to AA(Gly)B ([Figure 1f](#F1){ref-type="fig"}). Despite significant structural differences between these enzymes, all of them have flexible active site loops folding over the donor binding site upon binding of the sugar-nucleotide donor. The superposition suggests that in a broad range of GTs, this flexible loop movement would be hindered by the substituent on the uracil ring of **2**. This notion is strongly supported experimentally by the broad inhibitory activity we have observed for **2** toward five different GalTs. While it remains to be seen whether the residual donor substrate activity will limit cellular applications of **2**, the favorable k~cat~/*K*~m~ ratio suggests that it may serve as an inhibitor at the sub-saturating donor concentrations that are often found in cells (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}).

In summary, we have developed a novel, base-modified UDP-Gal derivative which inhibits galactosyl transfer by several different GalTs. Results from structural and enzymological studies provide evidence that the inhibitory activity of **2** is due to interference with the catalytic mechanism of these enzymes. In light of the mechanistic similarities between many GTs, this novel mode of inhibition, which is reminiscent of the mode of action of allosteric protein kinase inhibitors \[[@R19]\], very likely represents a generally applicable strategy for the development of a novel class of potent, allosteric GT inhibitors.
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###### Galactosyltransferase (GalT) structures (*continues overleaf*)

**(a)** Cartoon representation of the 1.25 Å structure of the AA(Gly)B GalT. Helices are green, strands are brown and the DXD motif is shown in yellow. **(b)** The 1.65 Å structure of the AA(Gly)B-UDP complex, oriented and colored as in (a). The internal loop is shown in light blue whereas the UDP is illustrated in dark grey sticks, and the Mn^2+^ by a violet sphere. A glycerol molecule in the acceptor binding site is omitted for clarity. **(c)** The 1.45 Å structure of AA(Gly)B with **2** bound in the active site, oriented and colored as in (a). The inhibitor is shown in light grey sticks and the Mn^2+^ is shown as in (b). The beginning and end of the flexible internal loop is shown in red, with a broken line illustrating the disordered part (residues 178-185). **(d)** Superposition of AA(Gly)B-**2** (red); AA(Gly)B-UDP (light blue) and AA(Gly)B-apo (green) using the SSM tool in COOT. The position of **2** is shown in grey sticks. **(e)** Superposition of the human blood group GT AABB mutant, in the "fully-closed" conformation (light brown, PDB entry 2RJ7, UDP-Gal and acceptor removed for clarity), AA(Gly)B-UDP, in the "semi-closed" conformation" (light blue, UDP removed for clarity), and AA(Gly)B-**5** (red). Trp181 in the internal loop, stacking to Arg352 in the C-terminus, and ligand **2** are shown in sticks. **(f)** Superposition of various GTs. The C-terminus and internal loop of GT AABB (residues 176-195) and the structurally similar bovine α-1,3-GalT (residues 187-205) (PDB entry 2RJ7 and 1K4V) are shown in light brown and dark blue, respectively. The flexible loops of human β-1,4-GalT (residues 340-358) and LgtC (residues 70-90) from *N. meningitidis* (PDB entry 3EE5 and 1GA8) are shown in green and pink, respectively. UDP, UDP-Gal and other donor derivatives bound to the structures are represented in sticks with matching color. The position of **2** is shown in white ball and sticks.
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###### 

Enzymological characterisation of UDP-Gal **1**, UDP-Gal derivative **2**, and UDP-GalNAc **7** with AA(Gly)B.

  ------------------------ -------------------------------------------------- --------------------------------------------------- -------------------------------------------------
  Substituent R            OH                                                 OH                                                  NHAc

  Substituent X            H                                                  5-formylthien-2-yl                                  H

                                                                                                                                  

  *K*~m~ donor \[μM\]      0.7 ± 0.1 [\[1\]](#TFN1){ref-type="table-fn"}\     \< 0.4 [\[2\]](#TFN2){ref-type="table-fn"}          1.7 ± 0.2 [\[1\]](#TFN1){ref-type="table-fn"}
                           0.7 ± 0.06 [\[2\]](#TFN2){ref-type="table-fn"}                                                         

                                                                                                                                  

  *K*~m~ acceptor \[μM\]   21 ± 2 [\[3\]](#TFN3){ref-type="table-fn"}         211 ± 24 [\[2\]](#TFN2){ref-type="table-fn"}        7.9 ± 0.6 [\[3\]](#TFN3){ref-type="table-fn"}

                                                                                                                                  

  k~cat~ \[s^−1^\]         0.37 ± 0.06 [\[1\]](#TFN1){ref-type="table-fn"}\   0.024 ± 0.001 [\[2\]](#TFN2){ref-type="table-fn"}   0.88 ± 0.07 [\[1\]](#TFN1){ref-type="table-fn"}
                           0.25 ± 0.01 [\[2\]](#TFN2){ref-type="table-fn"}                                                        
  ------------------------ -------------------------------------------------- --------------------------------------------------- -------------------------------------------------

radiochemical assay, with 100 μM acceptor;

HPLC assay;

radiochemical assay, with 100 μM donor.

###### 

Inhibition of AA(Gly)B and four other GalTs by UDP-Gal derivative **2** [\[1\]](#TFN4){ref-type="table-fn"}.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                          AA(Gly)B                                    GTB\                                     α-1,3-GalT\                               α-1,4-GalT\         β-1,4-GalT\
                                                                      *H. sapiens*                             *B. taurus*                               *N. meningitidis*   *B. taurus*
  ----------------------- ------------------------------------------- ---------------------------------------- ----------------------------------------- ------------------- ------------------------------------------
  *K*~i~ \[μM\]           0.53 [\[2\]](#TFN5){ref-type="table-fn"}\   2.4                                      9.8 [\[4\]](#TFN7){ref-type="table-fn"}   0.45                38.8 [\[4\]](#TFN7){ref-type="table-fn"}
                          0.52 [\[3\]](#TFN6){ref-type="table-fn"}                                                                                                           

                                                                                                                                                                             

  *K*~m~ UDP-Gal \[μM\]   0.7 ± 0.1                                   27 [\[5\]](#TFN8){ref-type="table-fn"}   77 ± 14                                   0.5 ± 0.05          22 ± 9
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*K*~i~ and *K*~m~ values were determined in the radiochemical assay. *K*~i~ values were obtained from Dixon plots with inhibitor **2** at three different concentrations (n = 3), unless otherwise stated;

donor: UDP-Gal (2 μM);

donor: UDP-GalNAc (2 μM);

n = 4;

Reference [@R19].
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